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SECTION  I 
INTRODUCTION 


This  report  describes  work  performed  In  a continuing  program  of  Investigations 
of  the  Interaction  of  high  power  pulsed  CO2  laser  radiation  with  target  materials. 

This  program  has  extended  over  a period  of  almost  five  years,  from  15  December  1972 
until  30  September  1977.  At  the  time  that  the  work  began  In  1972,  there  were  several 
important  unresolved  Issues  In  the  physics  of  the  Interaction  of  high  power  CO2 
laser  radiation  with  materials.  These  Issues  Included:  The  mechanism  of  the 
initiation  and  growth  of  the  laser-supported  absorption  wave,  the  effect  of  the 
laser-supported  absorption  wave  in  shielding  the  target  from  incident  laser  radiation, 
coupling  of  both  thermal  energy  and  Impulse  to  the  target,  the  effect  of  the 
Irradiation  on  optical  properties  of  the  target  and  the  effect  of  repeated  pulses 
on  the  same  target  area.  Many  of  these  Issues  have  been  resolved  satisfactorily, 
as  a result  of  work  performed  under  this  contract  and  of  work  performed  at  other 
laboratories.  The  coupling  of  long  wavelength  Infrared  laser  energy  Into  materials 
Is  much  better  understood  than  In  1972.  Descriptions  of  the  physics  of  the  Inter- 
action are  now  available. 

In  the  work  performed  under  this  contract,  we  developed  quantitative  data  on 
the  Interaction  of  the  high  power  CO2  laser  beams  In  a regime  of  laser  parameters 
which  had  not  been  well  explored  previously. 

For  this  work  we  used  a pulsed  CO2  TEA  laser  operating  at  a wavelength  of 

lO.bpm.  This  laser  emits  pulses  with  peak  power  up  to  10  megawatts  and  can  be 

8 9 2 

focussed  to  deliver  power  densities  at  the  target  In  the  range  of  10  to  10  w/cm  . 

The  pulse  shape  can  be  varied  by  changing  the  gas  mixture  In  the  laser.  The  gas 
mixture  consists  of  CO2,  N2  and  He.  When  the  mixture  Is  deficient  in  N2,  the  laser 
output  consists  of  a single  spike  of  half-width  100  nanoseconds.  When  N2  Is  added 
to  the  gas  mixture,  a longer  lower  power  tall  of  duration  several  microseconds  Is 
present.  In  addition  to  the  Initial  shorter  spike.  The  Initial  spike  Is  unchanged 
In  amplitude  and  duration,  but  the  addition  of  the  longer  tall  Increases  the  total 
energy  by  a factor  around  3.  In  this  report  we  shall  characterize  measurements  as 
being  made  with  N2  off  or  N2  on  In  the  laser  to  describe  these  two  different  pulse 
shapes. 

The  work  called  for  under  this  contract  Involved  several  specific  areas  of 
measurement.  Including  measurement  of  Impulse  delivered  to  the  target,  measurement 
of  pressure  generated  In  the  target,  measurement  of  Ion  energy  and  species  In  the 
blovoff  material,  measurement  of  the  change  of  specular  reflectivity  during  the 
laser  pulse,  and  measurement  of  the  diffuse  reflectivity.  Work  carried  on  In 
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earlier  portions  of  this  program  has  been  described  in  previous  Interim  reports^*^’^’^ 
Some  portions  of  the  work  have  been  completely  described  in  these  reports.  In 
order  to  make  the  present  report  self-contained  and  to  show  the  relationship  of  the 
work  performed  in  the  last  year  to  previous  work,  we  shall  briefly  describe  some 
of  the  previous  measurements  which  have  been  reported  previously. 

• Measurement  of  Impulse  delivered  to  target  materials  by  the  CO2  laser  pulse. 

This  portion  of  the  work  used  a linear  velocity  transducer  to  measure  the  motion  of 
the  entire  target  when  It  was  struck  by  the  laser  pulse.  The  target  was  mounted  on 
a magnetic  rod  In  the  linear  velocity  transducer.  The  motion  of  the  entire 
structure  Induced  a voltage  in  the  pickup  coll  of  the  transducer.  The  voltage 
provided  a direct  measurement  of  the  velocity  of  the  structure  and  hence  of  the 
impulse.  Measurements  were  obtained  as  a function  of  target  material,  ambient  air 
pressure,  target  diameter  and  laser  power  density.  The  Impulse  decreased  with 
decreasing  ambient  air  pressure  down  to  around  10  torr.  For  air  pressures  below 
10  torr,  a small  residual  component  of  impulse  was  still  present,  because  of  target 
recoil  from  vaporized  material.  This  value  is  approximately  0.4  dyne-second.  At 
one  atmosphere  pressure,  the  quantitative  value  of  the  impulse  is  approximately  5 
to  10  d3rne-second. 

These  results  may  be  understood  in  terms  of  a model  in  which  kindling  of  the 
laser-supported  absorption  wave  above  the  surface  is  responsible  for  the  observed 
impulse.  The  laser-supported  absorption  wave  is  intercepted  only  partly  by  targets 
of  small  diameter,  so  that  the  total  impulse  trat.sferred  to  a given  target  also 
increases  as  a function  of  the  target  diameter. 

2 

These  results  have  been  described  completely  in  a previous  report  and  in  a 
published  paper^. 

■ Measurement  of  the  specular  reflectivity  of  the  target  surface  as  a function  of 
time  during  irradiation.  These  measurements  were  carried  out  using  a probe  beam 
from  a continuous  laser.  The  probe  beam  is  focussed  on  the  same  area  struck  by  the 
TEA  laser  beam.  The  temporal  variation  of  light  specularly  reflected  from  the  area 
struck  by  the  TEA  laser  pulse  yields  the  time- resolved  specular  reflectivity.  The 
temporal  variation  of  the  specular  reflectivity  was  measured  as  the  function  of 
ambient  air  pressure,  probe  laser  wavelength,  TEA  laser  power  density,  pulse  shape, 
and  accumulated  number  of  pulses  on  the  same  area.  Measurements  as  a function  of 
ambient  air  pressure  indicate  that  the  change  due  to  a single  laser  shot  is  smaller 
at  higher  values  of  the  ambient  air  pressure,  indicating  the  effect  of  the  laser- 
supported  absorption  wave  in  shielding  the  target  surface.  At  low  values  of  ambient 
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air  pressure,  less  than  or  equal  to  10  torr,  the  laser-supported  absorption  wave 
has  diminished.  Under  these  conditions  of  reduced  ambient  air  pressure,  the  change 
in  specularly  reflectivity  is  much  enhanced.  Results  at  two  different  probing 
laser  wavelengths  of  9.6ijm  and  0.6328vim  Indicate  a much  greater  effect  at  the  shorter 
wavelength,  and  show  that  the  dominant  effect  is  etching  and  roughening  of  the 
surface  on  a scale  of  a few  micrometers.  Effects  are  greater  for  target  materials 
with  relatively  low  initial  reflectivity,  for  example  steel,  as  compared  to  materials 
with  higher  initial  reflectivity,  such  as  aluminum. 

Quantitative  descriptions  of  these  results  have  been  presented  completely  in 

2 3 ^ 

previous  reports  ’ and  in  a published  paper  . 

• A tlme-of-f light  spectrometer  to  measure  the  ion  energy  spectrum  in  the  blowoff 
material.  We  have  developed  a unique  method  of  data  reduction  to  obtain  the  time- 
resolved,  mass-resolved  and  energy-resolved  spectrum  of  ions  in  the  blowoff 
material  produced  in  vacuum.  We  have  presented  data  for  the  development  of  the 
energy  spectrum  of  ions  emitted  from  the  targets.  The  energy  spectrum  develops 
from  relatively  low  energies  early  in  the  pulse  to  a higher  energy  near  the  end 

of  the  pulse.  This  indicates  a transition  from  thermal  energy  to  a directed  energy 
of  expansion  of  the  material  away  from  the  target  surface.  It  also  Indicates 
absorption  of  Incoming  laser  energy  in  the  blowoff  material  after  it  has  been 
removed  from  the  target  surface.  This  is  the  dominant  mechanism  of  heating  the 
blowoff  material  and  producing  the  observed  energy  spectra.  Quantitative  data  on 
the  total  energy  content  of  the  blowoff  material  indicate  that  several  percent  of 
the  Incident  laser  energy  can  be  removed  by  the  blowoff  material  in  its  observed 
state  of  energy  and  ionization. 

2 3 A 

These  results  -have  been  described  completely  in  previous  reports  ’ ’ , and 
also  in  a paper  which  is  being  prepared  for  publication. 

The  body  of  this  report  will  describe  measurements  carried  out  during  the 
contract  period  from  15  December,  1976  through  30  September,  1977.  These  measure- 
ments include  the  following  items: 

• Measurement  of  the  diffuse  reflectivity  of  target  surfaces  Irradiated  under 
various  conditions  by  the  TEA  laser. 

• Measurements  of  pressure  pulses  coupled  into  the  target  materials  and  their 

correlation  with  damage  in  laser  window  materials.  This  was  described  partially  in 

3 4 

previous  reports  ' but  measurements  have  continued  into  the  present  contract  period. 
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• Measuraments  of  mass  removal  and  hole  depth  for  plastic  materials  supplied  by 
the  Air  Force  Materials  Lab,  as  a function  of  laser  power  density,  laser  focussing 
conditions  and  pulse  repetition  rate. 
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Interaction  of  High  Intensity  Laser  Radiation  with  Solid  Surfaces,  J.  F.  Ready, 
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SECTION  III 

REFLECTIVITY  MEASUREMENTS 

Our  previous  results  involving  measurement  of  time-resolved  specular 

reflectivity  had  led  us  to  a simple  method  for  extending  the  measurements  to  Include 

2 6 

diffuse  reflectivity.  We  had  noted  previously  ’ that  Independent  non-time-resolved 
measurements  of  specular  reflectivity,  diffuse  reflectivity  and  absorptivity  after 
the  end  of  the  laser  pulse  added  to  unity.  These  are  measurements  carried  out  by 
different  techniques.  This  fact,  of  course,  is  true  throughout  the  pulse  but  the 
conclusion  is  that  our  separate  measuring  techniques  have  sufficient  reliability 
and  reproducibility  to  measure  two  of  the  three  parameters  and  to  derive  the  third 
by  subtraction. 

Accordingly,  we  set  vp  Instrumentation  to  measure  the  diffuse  reflectivity. 

This  Involved  using  an  integrating  ellipsoidal  mirror.  The  measurement  technique 
is  similar  to  that  used  earlier  for  specular  reflectivity.  The  ellipsoidal  mirror 
collected  all  the  probing  light  reflected  from  the  target  and  thus  allowed  measure- 
ments of  diffuse  reflectivity. 

In  this  experiment  the  target  and  the  detector  are  placed  at  the  two  foci  of 
the  ellipsoid.  As  is  well  known,  a light  ray  passing  through  one  focus  of  the 
ellipsoid  will  reach  the  other  focus,  regardless  of  direction  of  travel.  Thus  the 
profile  of  the  probe  beam  on  the  target  is  relmaged  on  the  detector.  The  diffusely 
scattered  probe  radiation  reaches  the  detector,  regardless  of  the  direction 
at  which  it  leaves  the  target  surface.  Thus  diffusely  reflected  radiation  can  be 
collected  and  measured  with  a high  frequency  detector.  The  ellipsoidal  mirror  has 
the  advantage  over  a hemispherical  mirror  of  reduced  image  size  and  conveniently 
large  spatial  separation  between  the  two  foci.  Separation  of  components  is 
important  for  accomodating  suitable  mounts  for  the  target  and  the  detector  at  the 
two  foci. 

In  our  measurements,  we  measured  the  diffusely  reflected  probe  laser  radiation 
separately  by  inserting  a small  opaque  beam  stop  at  the  position  on  the  ellipsoid 
struck  by  the  specularly  reflected  beam.  This  allowed  us  to  obtain  the  diffuse 
reflectivity  spearately. 

The  ellipsoid  is  cast  of  aluminum-filled  epoxy  and  has  a coating  of  vacuum 
deposited  aluminum.  The  major  and  minor  axes  are  24.85  and  23.85  centimeters 
respectively.  The  separation  between  the  foci  is  7 centimeters.  This  allows 
adequate  room  for  mounting  the  target  and  the  detector. 

The  two  laser  beams  enter  the  ellipsoid  through  a hole  in  the  mirror  wall. 
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Losses  can  be  expected  from  light  being  reflected  out  of  the  entrance  hole  and  from 
absorption  when  the  light  is  reflected  from  the  mirror  surface.  Calibration  is 
needed  to  establish  the  magnitude  of  flux  loss.  The  calibration  is  carried  out 
using  a standard  reflection  target  at  one  focus  when  the  detector  is  at  the  other 
focus.  The  standard  reflection  target  was  manganese  oxide  for  a visible  probe 
laser  beam. 

Calibration  of  the  total  reflectivity  at  lOym  was  accomplished  by  separate 
measurements  on  the  damage  spots  after  the  irradiation.  The  measurements  were  per- 
formed using  an  integrating  sphere  ref lectometer . They  yield  total  reflectivity 
(specular  plus  diffuse  reflectivity)  at  lOym.  Results  are  presented  in  Table  V-1 
for  several  targets  and  conditions  of  irradiation.  For  heavily  damaged  surfaces 

struck  by  several  thousand  consecutive  pulses,  the  specular  reflectivity  has 
2 

decreased  to  near  0 . Thus  we  can  equate  the  total  reflectivity  measured  with  the 
integrating  sphere  ref lectometer  to  the  diffuse  reflectivity,  and  thus  calibrate 
the  integrating  ellipsoid. 

In  order  to  be  able  to  carry  out  measurements  in  vacuum,  a bell  jar  vacuum 
station  was  constructed.  The  bell  jar  completely  contains  the  ellipsoid,  target 
and  detector.  The  target  mount  allows  remote  movement  of  the  target  through  a 
vacuum  bellows  assembly,  so  that  fresh  areas  on  the  target  can  be  presented  for 
successive  laser  shots.  The  targets  measured  were  stainless  steel  (300  series) 
and  titanium. 

The  maximum  laser  power  density  that  could  be  employed  in  this  series  of  measure- 
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ments  was  approximately  3 x 10  w/cm  delivered  to  the  target.  This  value  is  lower 

2 

than  that  employed  in  the  previous  measurements  on  specular  reflectivity  , because 

the  beam  had  to  be  focussed  with  a longer  focal  length  lens  to  deliver  it  through 

the  hole  in  the  ellipsoid  to  the  position  of  the  target.  This  meant  that  the 

minimum  focal  spot  size  on  the  target  was  larger  and  the  laser  power  density  was 

lower.  Therefore  the  amount  of  damage  that  could  be  produced  in  a single  shot  was 

limited.  As  Table  TII-1  shows,  irradiation  of  the  titanium  target  with  a single 

7 2 

pulse  of  power  2.3  x 10  w/cm  did  not  produce  a detectable  change  in  total 
reflectivity  at  lOym. 

However  after  accumulating  a number  of  shots  on  an  area,  the  reflectivity  was 
observed  to  change.  We  monitored  the  change  in  reflectivity  with  accumulated  number 
of  shots.  Data  are  presented  in  Figures  III-l  through  III-4  for  the  change  in 
reflectivity  at  0.5145  micrometers  when  a argon  laser  was  used  as  the  probe  beam. 

Figure  III-l  shows  the  diffuse  reflectivity  as  a function  of  number  of  shots 
for  a stainless  steel  target  irradiated  in  vacuum  (0.1  torr)  at  a power  density  of 
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TABLE  III-l 

I Values  of  Total  Reflectivity 


Target 

Shots 

Conditions 

Total 
0.  5iJm 

Reflectivity 

lOum 

Steel 

Initial  Value 

— 

0.653 

0.975 

Steel 

1 

Vacuum,  2.3xl0^w/cm^ 

0.491 

0.955 

Steel 

5835 

Air,  2.3xl0^w/cm^ 

0.521 

0.720 

Titanium 

Initial  Value 

— 

0.504 

0.986 

Titanium 

1 

Air,  2.3xl0^w/cm^ 

0.508 

0.986 

Titanium 

130 

Air,  3.2xl0^w/cm^ 

0.352 

0.918 

Titanium 

6780 

Air,  2.3xl0^w/cm^ 

0.531 

0.687 
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7 2 

2.3  X 10  w/cm  . The  initial  value  of  diffuse  reflectivity  was  0.025. 

Therefore  there  is  a significant  change  in  the  diffuse  reflectivity  in  the 

visible  on  the  first  shot.  Successive  shots,  up  to  approximately  100,  increase 

the  diffuse  reflectivity  only  slightly  more.  As  the  accumulated  number  of  shots 

increases  above  100,  the  reflectivity  continues  to  increase.  It  is  still  Increasing 

rather  irregularly  up  to  approximately  10,000  accumulated  shots.  It  is  not  clear 

that  it  has  reached  a limiting  value  even  at  this  level.  Possibly,  increasing  the 

number  of  shots  further  would  continue  to  Increase  the  diffuse  reflectivity.  The 

irradiated  area  has  the  appearance  of  a blackened  spot  with  no  specular  reflectivity, 

2 

in  agreement  with  previous  results  . 

Figure  III-2  shows  results  when  the  stainless  steel  target  is  irradiated  in 

ambient  air  (746  torr),  as  a function  of  the  number  of  shots.  Results  are 

qualitatively  similar  to  those  in  Figure  III-l.  There  is  a significant  increase 

on  the  first  shot  and  a very  slow  Increase  on  succeeding  shots.  Even  after  almost 

6000  shots,  a limiting  value  has  probably  not  been  reached. 

The  increase  in  diffuse  reflectivity  does  not  appear  to  depend  on  pressure. 

This  is  Illustrated  in  Table  III-2  which  indicates  the  change  in  diffuse  reflectivity 

at  0.514Spm  after  a single  shot  under  various  conditions.  There  appears  to  be 

2 

no  dependence  on  pressure,  in  contrast  to  the  change  in  specular  reflectivity  , 

which  exhibited  a considerable  dependence  on  the  pressure  at  which  the  irradiation 

was  carried  out  (although  at  a higher  range  of  laser  power  density). 

Figure  III-3  shows  data  for  a titanium  target  irradiated  in  vacuum  (0.03  torr) 

7 2 

at  a laser  power  density  of  2.3  x 10  w/cm  . In  this  case  the  initial  Increase  on 
the  first  shot  is  smaller  than  for  steel.  As  with  steel,  succeeding  shots  change 
the  diffuse  reflectivity  less  than  the  first  shot.  After  approximately  100  shots, 
the  diffuse  reflectivity  increases  and  attains  a final  value  around  0.336.  In 
this  case  the  reflectivity  appears  to  saturate  after  approximately  3000  shots, 
and  further  increase  in  the  number  of  shots  does  not  produce  an  additional  effect. 
This  is  in  contrast  to  the  behavior  of  the  steel  target,  as  described  above. 

Figure  III-4  shows  results  for  a titanium  target  irradiated  in  ambient  air 
(746  torr).  The  results  are  qualitatively  similar  to  the  results  in  vacuum.  They 
show  a jump  on  the  first  shot,  relatively  small  changes  for  the  next  hundred  shots 
or  so,  and  then  an  Increase  to  a final  value  around  0.312.  Saturation  occurs  after 
several  thousand  shots,  so  that  further  accumulation  does  not  change  the  final 
value  much.  The  approach  to  the  final  value  is  slower  than  in  the  case  of  vacuum 
irradiation  and  the  ultimate  final  value  is  lower.  This  behavior  presumably  is 
due  to  the  shielding  effect  of  the  laser-supported  absorption  wave  generated  in 
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TABLE  I I I- 2 

) Diffuse  Refleccivlcy  at  0.5145iiin. 


Material 

Conditions 

Pressure 

(Torr) 

Diffuse 

Reflectivity 

Steel 

Initial 

Value 

— 

0.025 

Steel 

1 shot, 

2.3xl0^w/cm^ 

0.1 

0.039 

Steel 

1 shot. 

2. 3xl0^w/cm^ 

300 

0.036 

Steel 

1 shot. 

2. 3xl0^w/cm^ 

746 

0.042 

Titanium 

Initial 

Value 

— 

0.011 

Titanium 

1 shot. 

2.3xl0^w/cm^ 

0.03 

0.015 

Titanium 

1 shot. 

2.3  x lO^w/cm^ 

746 

0.018 

1 

I 
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the  atmosphere  above  the  target  at  one  atmosphere  pressure. 

Some  data  for  the  change  in  diffuse  reflectivity  at  0.5145pm  after  a single 

shot  as  a function  of  laser  power  density  are  shown  In  Figure  III-5,  for  a titanium 

target  Irradiated  in  air  at  746  torr.  Results  indicate  a threshold  for  damage 
7 2 

around  1.5  x 10  w/cm  . 

We  had  originally  planned  to  obtain  time  resolved  data  on  the  diffuse 

reflectivity  at  9.6yra  during  the  Irradiation  with  the  TEA  laser.  The  interaction 

with  the  surface  and  the  emission  of  the  blowoff  material  were  accompanied  by  a 

flash  of  white  light,  which  saturated  the  detector.  Therefore  it  was  not  possible 

to  obtain  measurements  of  the  diffuse  reflectivity  during  the  time  of  the  inter- 

2 

action.  In  our  earlier  measurements  of  specular  reflectivity  , we  had  avoided 

this  problem  by  using  a filter  in  front  of  the  detector,  so  that  only  radiation  in 

the  narrow  bandwidth  region  around  9.6ym,  the  wavelength  of  the  probe  laser  beam, 

could  reach  the  detector.  This  is  not  possible  in  the  setup  using  the  integrating 

ellipsoid,  because  radiation  must  be  incident  on  the  detector  from  a variety  of 

angles.  This  precludes  the  use  of  an  interference  filter,  which  has  transmission 

which  is  dependent  upon  the  angle  of  incidence. 

Data  on  the  diffuse  reflectivity  after  the  irradiation  are  presented  in 

Table  III-3,  and  in  Figures  III-6  through  III-9.  The  diffuse  reflectivity  for 

7 2 

steel  showed  an  increase  after  a single  shot  at  a level  around  3 x 10  w/cm  . But 

no  measurable  increase  was  shown  for  a single  pulse  incident  on  a titanium  target 

at  this  level.  However,  when  a number  of  pulses  were  incident  on  the  titanium 

target  a cumulative  effect  was  observed. 

Figure  II1-6  shows  data  for  the  diffuse  reflectivity  at  9.6pm  for  a stainless 

7 2 

steel  target  irradiated  in  ambient  air  at  a laser  power  density  of  3.2  x 10  w/cm  . 

The  diffuse  reflectivity  increases  gradually  but  irregularly.  In  some  regions,  the 

increase  is  not  monotoinic.  At  other  places,  there  appears  to  be  rather  sharp 

increases  for  a small  increment  in  the  number  of  pulses.  This  beha''ior  is 

accompanied  by  a change  in  the  size  of  the  spark  above  the  surface.  When  there  is 

a decrease  in  reflectivity,  the  spark  also  diminishes  in  intensity.  We  believe  this 

may  be  accompanied  by  changes  in  the  absorption  characteristics  of  the  surface, 

with  an  oxidized  layer  of  the  surface  being  formed  and  then  temporarily  being 

removed.  This  would  account  for  behavior  in  which  the  diffuse  reflectivity  and 

the  size  of  the  spark  decrease  simultaneously.  After  several  thousand  shots,  the 

reflectivity  appears  to  saturate  at  a level  above  90%. 

Figure  II1-7  shows  data  for  the  stainless  steel  target  irradiated  in  ambient  air 
7 2 

at  a level  of  2.3  x 10  w/cm  . The  change  in  diffuse  reflectivity  does  not  become 


Figure  III-5.  Diffuse  reflectivity  at  0.51A5pin  for  a titanium  target  Irradiated 
in  air  by  a single  laser  pulse,  as  a function  of  laser  power 
density. 
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TABLE  I I I- 3 


Diffuse  Reflectivity  at  9.6pni 


Diffuse 


Material 

Conditions 

Reflectivity 

Steel 

Initial  Value 

0.119 

Steel 

7 2 

1 shot,  2.3x10  w/cm  , 746  torr 

0.119 

Steel 

1 shot,  3.2  X lO^w/cm^,  746  torr 

0.132 

Titanium 

Initial  Value 

0.101 

Titanium 

1 shot,  2 . 3xl0^w/cm^ , 746  torr 

0.101 

Titanium 

1 shot,  3. 2xl0^w/cm^ , 746  torr 

0.101 

23- 
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apparent  until  several  hundred  shots  are  accumulated  and  then  it  increases  gradually 
and  Irregularly.  At  this  level  of  power  density,  even  after  several  thousand 
shots  it  has  apparently  not  reached  a limiting  value.  Probably  further  shots  would 
lead  to  a higher  final  value  of  reflectivity. 

Figure  III-8  shows  the  behavior  of  a titanium  target  irradiated  in  air  at  a 

7 2 

laser  power  density  of  3.2  x 10  w/cm  . Under  these  conditions  the  first  shot  did 
not  change  the  diffuse  reflectivity  at  9.6pm,  even  though  there  was  a measurable 
effect  on  the  diffuse  reflectivity  at  0.5145pm.  In  fact  no  measurable  effect  was 
noted  until  around  100  shots  had  been  accumulated.  The  diffuse  reflectivity  t’ren 
Increased  for  several  hundred  shots.  It  then  showed  a sudden  rapid  Increase  near 
500  shots.  It  then  continued  to  Increase  till  it  reached  the  90%  level,  at  which 
point  it  saturated  after  several  thousand  shots. 

The  behavior  with  a slightly  lower  power  density  is  similar,  but  it  took  longer 
for  the  reflectivity  to  begin  to  Increase  above  its  Initial  value.  It  did  not 
begin  to  rise  rapidly  until  after  several  thousand  shots  were  accumulated.  The 
results,  shown  in  Figure  III-9,  indicate  that  it  is  still  increasing  after  several 
thousand  shots  and  presumably  would  continue  to  Increase  to  a higher  value  for  a 
larger  number  of  shots. 

Although  time-resolved  data  could  not  be  obtained  directly,  we  Inferred  some 

values  from  the  final  value  of  diffuse  reflectivity  after  a single  shot.  We  know 

the  Initial  value  of  the  reflectivity  and  the  final  value,  and  we  know  the  time 

2 

behavior  of  the  specular  reflectivity  . If  we  assume  that  the  change  between  the 
initial  and  final  values  has  the  same  time  dependence  as  the  change  between  the 
initial  and  final  values  of  the  specular  reflectivity  as  measured  earlier,  we  may 
infer  a change  in  the  diffuse  reflectivity  as  a function  of  time.  Then  we  may  plot 
the  absorptivity  as  a function  of  time,  as  indicated  in  Figure  III-IO.'  This  gives 
the  derived  absorptivity  as  a function  of  time  for  a stainless  steel  target 
irradiated  in  vacuum  for  two  conditions  of  laser  power  density,  as  obtained 

using  the  assumptions  described  above. 

In  Table  III-4,  we  present  data  on  the  final  value  of  absorptivity  after 
irradiation  under  various  conditions  as  indicated. 

We  had  also  Intended  to  obtain  data  on  the  effect  of  varying  pulse  repetition 
rate,  with  Interpulse  times  in  the  microsecond  region.  Performance  of  this  task 
depended  on  borrowing  a second  CO2  TEIA  laser  from  the  Honeywell  Systems  and  Research 
Center.  The  two  lasers  could  be  triggered  Independently  to  provide  variable 
interpulse  times  shorter  than  those  available  from  a single  TEA  laser.  The  work 
schedule  at  the  Honeywell  Systems  and  Research  Center  precluded  borrowing  of  this 
laser  during  the  current  contract  period,  so  we  were  unable  to  accomplish  this  planned 
task. 


Figure  III- 10.  Absorptivity  at  9.6um  as  a function  of  time  during  irradiation 
the  indicated  values  of  power  density. 


TIME  (MICROSECONDS) 


-29- 


TABLE  1 1 1- 4 
Absorptivity  at  lOym 


Material 


Conditions 


Absorptivity 


Steel  Initial  Value  0.025 

7 2 

Steel  1 shot,  Vacuum,  2.3x10  w/cm  0.045 

8 2 ' 

Steel  1 shot.  Vacuum,  1.5x10  w/cm  0.060 

Steel  5835  shots.  Air,  2.3xl0^w/cm^  0.280 

Titanium  Initial  Value  0.014 

Titanium  1 shot.  Air,  2.3xl0^w/cm^  0.092 

Titanium  6780  shots.  Air,  2.3xl0^w/cm^  0.313 

Titanium  130  shots.  Air,  3.2xl0^w/cm^ 


0.092 


In  summary,  we  determined  the  effect  of  the  CO2  TEA  laser  radiation  on  the 
diffuse  reflectivity  of  metallic  surfaces,  under  varying  conditions  of  Irradiation. 
The  results  are  compatible  with  the  effect  being  due  to  melting  of  the  surface, 
with  flow  and  redistribution  of  the  material  so  as  to  provide  a diffusely  reflecting 
surface.  The  Initial  highly  specularly  reflecting  surface  is  eroded,  so  that  a 
pattern  of  small  hills  and  valleys  is  formed,  with  dimensions  of  the  order  of  a 
few  micrometers.  Thus  the  initial  effect  on  the  visible  reflectivity  is  more 
pronounced  than  the  initial  reflect  on  infrared  reflectivity,  as  indicated  in 
Tables  III-2  and  III-3.  As  the  accumulated  number  of  shots  increases,  the  surface 
continues  to  oxidize  and  blacken,  so  that  it  becomes  a highly  diffusely  reflecting 
surface,  with  increased  values  of  absorptivity. 
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SECTION  IV 
PRESSIRE  PULSES 

At  sufficiently  high  values  of  laser  power  density,  an  absorbing  plasma  is 
ignited  in  the  atmosphere  in  front  of  the  target  surface.  The  plasma  moves  back 
up  the  laser  beam  toward  the  laser,  as  a laser-supported  absorption  wave.  It 
shields  the  target  surface  and  absorbs  much  of  the  incident  energy.  The  hot  expand- 
ing plasma  also  exerts  pressure  on  the  surface,  which  leads  to  both  an  Impulsive 
motion  of  the  target  as  a whole  and  also  to  shock  waves  which  propagate  super- 
sonically within  the  target.  If  the  shock  pressure  is  high  enough,  the  target  may 
crack  or  spall.  The  study  of  the  shock  pressure  coupled  into  the  target  provides 
an  Important  tool  for  investigation  of  the  coupling  of  the  laser  energy  to  targets. 
We  have  carried  out  a parametric  study  of  the  shock  pressure  as  a function  of 

variable  conditions  of  irradiation.  Much  of  this  work  has  already  been  described 

4 

in  a previous  interim  report  . However,  a portion  of  the  work  continued  into  the 
present  contract  period.  Therefore  we  shall  describe  the  entire  investigation  in 
this  report,  so  as  to  make  the  final  report  self-contained.  Thus  this  section  will 
repeat  some  material  already  described  in  an  interim  report. 

The  experimental  arrangement  uses  an  Interferometric  system  shown  in 
Figure  IV-1.  The  TEA  laser  pulse  is  focussed  on  the  front  surface  of  the  target. 

The  resulting  laser-supported  absorption  wave  produces  a pressure  pulse  which 
propagates  into  the  target  as  a shock  front.  When  the  shock  front  reaches  the  rear 
surface  of  the  target,  it  is  reflected  and  the  rear  surface  moves  in  response  to  the 
reflection  of  the  shock  front.  The  motion  is  measured  by  determining  the  velocity 
of  the  fringes  in  the  Mlchelson  interferometer,  for  which  the  rear  surface  of  the 
target  serves  as  one  of  the  mirrors.  The  rear  surface  is  polished  to  a specularly- 
reflecting  finish.  The  helium-neon  laser  used  in  the  Interferometer  (Spectra- 
Physics  model  120)  has  an  output  of  5 milliwatts  distributed  among  several 
longitudinal  modes.  Because  the  path  differences  in  the  two  arms  of  the  inter- 
ferometer can  be  matched  closely,  it  is  not  necessary  to  employ  a single-frequency 
helium-neon  laser.  The  motion  of  the  fringes  is  detected  by  a planar  diffused 
silicon  diode  (United  Detector  Technology  PIN- 3D)  with  a quoted  response  time  of 
15  nanoseconds.  A diverging  lens  in  the  detector  arm  of  the  interferometer  is 
adjusted  so  that  one  fringe  of  the  interference  pattern  falls  across  the  diode 
aperture,  so  as  to  maximize  the  signal  level  corresponding  to  passage  of  one  fringe 
across  the  detector. 

When  the  rear  surface  of  the  target  moves  by  one-half  the  wavelength  of 
helium-neon  laser  light,  one  complete  fringe  in  the  Interferometer  will  move  across 
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Figure  IV-1.  Interferometric  arrangement  for  measurement  of  pressure  pulses. 

The  TEA  laser  beam  is  incident  from  the  left.  is  a lens  that 
focusses  the  beam  on  the  target  T.  The  helium-neon  laser  beam 
passes  through  the  beam  splitter  B.  The  two  mirrors  in  the 
Michelson  interferometer  are  indicated  as  the  mirror  M and  the 
rear  surface  of  the  target.  The  lens  L2  diverges  the  beam  so  that 
one  fringe  falls  on  the  aperture  of  the  detector  D. 


-33- 


the  face  of  the  detector.  The  target  surface  velocity  can  be  determined  from  the 
amplitude  modulation  of  the  fringe  pattern.  From  measurements  of  the  rear  surface 
velocity  of  the  target,  the  pressure  in  the  shock  front  which  caused  the  motion 
can  be  determined^.  Because  the  events  occur  In  a microsecond  time  frame,  low 
frequency  motion  of  the  fringes,  produced  by  factors  such  as  building  vibrations, 
does  not  influence  the  results. 

The  target  Is  mounted  on  a micrometer-driven  pedestal  inside  a vacuum  chamber 
with  Irtran  2 windows.  This  allows  measurements  of  the  shock  pressure  as  a 
function  of  the  nature  of  the  ambient  gas  and  its  pressure.  The  micrometer  motion 
allows  presentation  of  fresh  target  areas  for  irradiation.  The  entire  bell  jar 
can  be  evacuated  to  a minimum  pressure  around  0.01  torr. 

Figure  IV-2  presents  data  on  the  shock  pressure  as  a function  of  time  for 

irradiation  of  a stainless  steel  (300  series)  target  of  thickness  0.6mm,  for  a 
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laser  power  density  of  1.26  x 10  w/cm  . The  peak  shock  pressure  is  observed 
several  hundred  nanoseconds  after  the  start  of  the  laser  pulse.  The  pressure 
decreases  to  zero  after  3ps.  The  error  bar  indicates  only  the  uncertainty  due  to 
fringe  counting.  Structure  due  to  reflection  of  the  shock  front  between  the  target 
surfaces  may  be  present,  but  the  scatter  in  the  data  makes  this  difficult  to 
determine. 

A question  arises  about  the  planar  nature  of  the  shock  front  propagating 
through  the  target.  The  target  was  thinner  than  the  approximately  1 millimeter 
transverse  dimension  of  the  laser  beam  at  the  front  surface.  Measurements  made  as  a 
function  of  distance  from  the  center  of  the  beam  on  the  rear  surface  of  the  target 
indicate  a rapid  decrease  of  shock  pressure  as  one  moves  out  from  the  radial  center 
of  the  shock.  Thus  it  is  reasonable  to  assume  a planar  nature  for  the  shock. 

In  addition,  measurements  made  as  a function  of  target  thickness  indicate  that 
the  peak  shock  pressure  is  attenuated  by  approximately  20%  in  transmission  through 
0.6mm  inches  of  target  material.  Thus  extrapolation  of  the  shock  pressure  back  to 
the  front  surface  would  indicate  a peak  pressure  around  130  bars  at  the  front  surface. 

The  data  presented  in  the  remaining  portion  of  the  paper  will  describe  results 
for  the  peak  value  of  pressure  observed,  that  is  the  value  at  the  beginning  of  the 
measured  shock  pressure  when  the  shock  front  reaches  the  rear  surface.  The  values 
presented  are  rear  surface  values,  which  would  be  approximately  20%  lower  than  the 
front  surface  values. 

Figure  IV-3  shows  measurements  for  the  shock  pressure  as  a function  of  ambient 
air  pressure,  for  the  two  different  conditions  of  laser  pulse  duration,  as 
described  above.  These  data  are  relevant  to  an  aluminum  target  (2017  alloy)  0.6mm 
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Figure  IV-3.  Peak  shock  pressure  as  a function  of  ambient  air  pressure  for  an 

8 2 

aluminum  target  irradiated  at  1.26  x 10  w/cm  . 
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thlck.  Below  approximately  10  torr,  the  laser-supported  absorption  wave  Is 
diminished.  The  measured  pressure  Is  relatively  low  and  does  not  depend  strongly 
on  ambient  air  pressure.  Above  10  torr,  the  laser-supported  absorption  wave  Is 
present;  the  pressure  pulse  Increases  with  Increasing  ambient  air  pressure.  When 
nitrogen  Is  on  In  the  TEA  laser,  the  Increased  total  energy  In  the  pulse  leads  to 
higher  values  of  pressure  than  when  nitrogen  Is  off. 

Data  obtained  at  constant  laser  power  but  with  variable  laser  focal  diameter 
by  changing  the  distance  from  the  focussing  optics  to  the  target  are  presented  In 
Figure  IV-4.  These  data  are  relevant  to  aluminum  2017  alloy  Irradiated  at  100 
torr  ambient  air  pressure. 

Data  are  presented  separately  for  the  lens  Inside  (l.e.  closer  to  the  target) 
the  position  of  best  focus  and  for  the  lens  outside  the  position  of  best  focus. 

The  total  movement  of  the  lens  (focal  length  25.4cra)  from  the  position  of  best 
focus  was  about  3cm.  The  solid  curve  Is  an  Inverse  square  dependence,  normalized 
to  pass  through  the  points  of  best  focus,  where  the  beam  was  focussed  on  the 
surface.  The  Inverse  square  law  fits  the  data  reasonably  well  for  conditions  where 
the  lens  Is  Inside  the  best  focal  position.  There  Is  a significant  variation  when 
the  lens  Is  outside  the  position  of  best  focus.  This  difference  may  be  understood 
by  observing  that  when  the  lens  Is  outside  the  position  of  best  focus,  the  blowoff 
material  Is  expanding  Into  a region  of  Increasing  laser  power  density.  Thus  there 
may  be  Increased  absorption  of  laser  energy,  so  that  a higher  peak  shock  pressure 
Is  observed. 

Figure  IV-5  presents  data  on  the  peak  shock  pressure  observed  In  2017  aluminum 

alloy  O.bram  thick  as  a function  of  laser  power  density,  under  the  Indicated 

7 2 

conditions  of  Irradiation.  There  Is  a threshold  near  4 x 10  w/cm  below  which  no 
measurable  shock  pressure  could  be  observed.  This  threshold  corresponded  to  the 
threshold  for  Ignition  of  the  laser-supported  absorption  wave  at  1 atmosphere 
ambient  air  pressure. 

Data  presented  In  the  above  figures  may  be  employed  for  determination  of 
scaling  relations  for  the  peak  shock  pressure.  If  the  peak  shock  pressure  P Is 
expressed  In  a power  law  form: 

P a (Po)^(V* 

where  Pq  Is  the  laser  power  density,  P^  Is  the  ambient  air  pressure  and  A and  B 
are  the  exponents  of  these  two  parameters  respectively,  one  obtains  the  results 
shown  In  Table  IV-1  for  a least  squares  fitting  to  the  data  for  aluminum  2017 
alloy.  Table  IV-1  also  shows  values  for  A and  B derived  from  a model  of  the  inter- 
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figure  IV— 5.  Peak  shock  pressure  as  a function  of  laser  power  density  for 
aluminum  target  irradiated  under  the  Indicated  conditions. 
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TABLE  IV- 1 

Exponents  In  Scaling  Relation,  Equation  IV-1. 


Nitrogen  On 

Nitrogen 

Off 

A 

B 

A 

B 

Least  Squares 

Fit  to  Data 

0.89 

0.51 

1.14 

0.47 

Semi-empirical 

Model 

0.97 

0.61 

1.08 

0.53 

I 


A 

I 
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action.  The  model  is  based  on  the  cylindrical  blast  wave  model  of  Plrrl  but 
modified  by  the  empirically  observed  absorption  In  the  blowo^'f  material  as  a 
function  of  the  variable  parameters.  Thus,  Pirrl's  model  iioolcts  a dependence 
of  the  form: 


P a 


2/3 

P P 
0 A 


1/3 


riV-2) 


It  assumes  essentially  complete  absorption  of  the  incident  lase  the 

plasma.  Because  a substantial  fraction  of  the  incident  laser  ene'^y  Is  transmitted 

under  the  present  experimental  conditions,  the  model  has  been  modified  so  as  to 

include  only  energy  actually  deposited  in  the  blowoff  plasma.  Only  the  absorbed 

energy  will  be  effective  in  driving  the  laser-supported  absorption  wave  and  in 

coupling  pressure  to  the  surface.  The  absorbed  laser  power  density  P as  a 

oa 

function  both  of  the  incident  laser  power  density  and  of  the  ambient  air  pressure 
has  been  observed  experimentally  to  scale  as: 


P a 
oa 


(Poi)l.A6(p^)0.415 


(IV-3) 


where  nitrogen  is  on  in  the  laser,  and  as: 


P a 
oa 


(p^^)1.62(p^)0.20 


(IV-4) 


where  nitrogen  is  off.  In  the  above  equations,  P^^  is  the  incident  laser  power 
density.  This  modeling  therefore  is  seml-emperical ; it  avoids  the  difficult 
problems  of  trying  to  calculate  ab  initio  the  absorption  in  the  blowoff  material. 

The  results  presented  in  Table  IV-1,  based  on  a modified  cylindrical  blast 
wave,  appear  in  reasonably  good  agreement  with  the  experimental  results.  A similar 
fitting  attempted  using  a spherical  blast  wave  was  less  successful.  This  is  in 
contrast  to  results  obtained  for  impulse  measurements^  performed  under  similar 
circumstances.  For  that  case,  a modeling  based  on  a spherical  blast  wave  gave  a 
better  fit. 

9 

Another  recent  model  developed  by  Plrrl  indicates  scaling  of  shock  pressure 
with  laser  power  density  as  the  seven-ninths  power,  a result  which  is  in  reasonable 
accord  with  the  experimental  results  presented  in  Table  IV-1.  However,  if  this 
model,  which  assumes  absorption  of  all  the  incident  radiation,  is  modified  to 
account  for  partial  absorption,  then  one  obtains  scaling  as  the  1.14  power,  with 
nitrogen  on  in  the  laser,  a result  rather  higher  than  the  observed  value.  This 
model  is  probably  more  applicable  in  a higher  regime  of  laser  power  density,  where 


-4,1- 

the  Incident  energy  would  be  substantially  completely  absorbed. 

To  compare  different  materials  on  a consistent  basis.  Table  IV-2  presents  data 

for  all  the  metallic  materials  for  which  pressure  has  been  measured,  reduced  to  a 
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constant  value  of  laser  power  density  of  1.2  x 10  w/cm  . Values  had  been  obtained 
for  three  different  thicknesses  of  aluminum  targets  as  indicated.  The  zero  thick- 
ness value  is  the  extrapolated  value  as  discussed  above.  These  results  are  all 
for  irradiation  at  one  atmosphere  ambient  pressure.  We  observe  that  the  values 
do  not  vary  greatly  between  different  materials  under  comparable  conditions  of 
irradiation,  indicating  once  again  the  dominant  role  of  the  laser-supported 
absorption  wave  in  producing  the  shocks. 


TABLE  IV-2 

Values  of  Peak  Pressure  (Bars) 

(1.2  X lO^w/cm^) 


M aterial 

Thickness 

0 

0.  025  in 

0 043  in. 

0. 

050  in. 

0.  2 in. 

Aluminum 

1 12=:^ 

90 

64 

6 6 

Stainless 

Steel 

70 

Titanium 

68 

-Tlxtrapolated  | 

r 


Now  let  us  consider  potassium  chloride,  an  important  material  for  laser  windows 
and  a material  for  which  mechanisms  of  laser  damage  are  important.  Under  the 
present  conditions  of  irradiation,  potassium  chloride  may  be  substantially  damaged 
by  the  laser  irradiation.  We  measured  the  shock  pressure  in  single  crystalline 
potassium  chloride  (Harshaw)  and  obtained  results  shown  in  Figure  IV-6  for  the  peak 
shock  pressure  as  a function  of  laser  power  density,  for  irradiation  in  ambient 
air  at  one  atmosphere  pressure.  TTie  rear  surface  of  the  sample  was  gold-coated 
in  order  to  form  the  mirror  surface  for  the  interferometer.  The  values  of  peak 
shock  pressure  are  considerably  lower  than  those  that  would  have  been  observed  for 


metallic  samples  under  the  same  conditions  of  irradiation.  Thus  at  a power  density 
around  7 x lO^w/c 
a aluminum  sample 
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around  7 x 10  w/cm  , we  would  have  expected  a shock  pressure  around  40  to  50  bars  in 


PEAK  PRESSURE  (BARS) 


1 


Figure  IV-6. 
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We  note  that  the  potassium  chloride  samples  were  significantly  damaged  by  the 

irradiation,  whereas  the  pressures  Involved  were  considerably  below  the  damage 

threshold  for  the  metallic  samples.  No  fracturing  or  spalling  was  observed  in 

metallic  samples.  The  difference  of  observed  pressure  values  with  the  single 

crystalline  potassium  chloride  samples  Is  due  to  expenditure  of  the  energy  in 

cracking  and  damage  of  the  sample.  For  the  results  in  Figure  IV-6,  there  is  a 
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threshold  slightly  below  4 x 10  w/cm  . This  corresponds  to  the  threshold  at  which 
a measurable  pressure  pulse  is  observed.  It  also  corresponds  to  the  threshold 
for  ignition  of  a laser-supported  absorption  wave.  A comparison  is  shown  in 
Table  IV-3.  The  threshold  for  observation  of  a measurable  pressure  pulse  also 
corresponds  to  the  threshold  for  observation  of  threshold  surface  cracking,  which 
is  shown  in  Figure  IV-7.  The  surface  shows  cracks  on  cleavage  planes  of  the  single 
crystalline  material,  with  initiation  at  small  sites  of  imperfections  from  which  a 
small  amount  of  material  removal  may  be  observed. 

We  also  observed  an  effect  reported  previously  *^where  preconditioning  at 
lower  values  of  laser  power  can  increase  the  damage  threshold.  With  preconditioning, 
the  threshold  for  observation  of  a pressure  pulse  corresponded  to  this  increased 
damage  threshold.  The  preconditioning  technique  involved  firing  the  laser  a number 
of  times  at  values  below  the  damage  threshold.  The  laser  power  is  gradually  until 
the  damage  threshold  is  reached.  The  values  obtained  in  this  way  exceed  values 
found  when  the  first  pulse  on  an  area  is  at  full  power.  With  preconditioning,  the 
gold  coating  on  the  rear  surface  is  partially  removed  and  the  values  observed  for 
pressure  pulses  must  be  considered  to  be  less  reliable.  However  during  this 
procedure  the  threshold  for  observation  of  a measurable  pressure  pulse  did  increase 
to  the  same  value  as  the  damage  threshold. 

In  addition  polycrystalline  potassium  chloride  (Honeywell  material)  exhibited 
a considerably  higher  threshold  for  laser  damage  then  did  single  crystalline 
material.  No  data  are  available  for  pressure  pulses  in  this  material.  The 
phenomenology  indicated  by  Table  IV-3  and  Figure  IV-7  shows  that  fracture  begins 
at  the  sites  of  imperfections  on  the  surface.  If  the  imperfections  are  removed 
at  relatively  low  laser  power  density,  without  producing  a laser-supported  absorption 
wave  and  without  producing  a shock  front  which  will  fracture  the  material,  the 
damage  threshold  increases  markedly.  These  results  are  of  interest  because  of  the 
importance  of  alkali  halide  material  as  windows  for  high  power  lasers. 

Figure  IV-8  shows  a scanning  electron  microscope  photograph  of  the  damage 
resulting  from  irradiation  of  the  single-crystalline  potassium  chloride  at  levels 
well  above  threshold.  Extensive  damage  is  revealed.  The  original  crater  contained 
pulverized  rubble  fractured  along  cleavage  planes  of  the  crystal,  which  was  removed 


TABLE  IV- 3 


Thresholds  Relevant  to  Potassium  Chloride 


Single-Crystalline  Material 

7 2 

Observation  of  shock  3.6  x 10  w/cm 

pressure  (1st  shot) 


Surface  damage  (1st  shot) 


3.6  X lO^w/cm^ 


7 2 

Observation  of  shock  6.4  x 10  w/cm 

pressure  (with  preconditioning) 


7 2 

Surface  damage  6.4  x 10  w/cm 

(with  preconditioning) 


Polycrystalllne  Forged  Material 


Surface  Damage  (1st  shot) 


>3  X lO^w/cm^ 
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Figure  IV-7.  Scanning  electron  microscope  photograph  of  threshold  damage  in  a 
potassium  chloride  target.  The  width  of  the  area  covered  by  the 
photograph  is  0.88mm. 


Figure  IV-8. 


Scanning  electron  microscope  photograph  of  a pit  produced  by  impact 
of  a TEA  laser  pulse  at  a level  well  above  the  threshold  for 
damage  on  a potassium  chloride  surface.  The  width  of  the  area 
covered  by  the  photograph  is  0.44mm. 


before  the  photograph  was  taken.  The  results  Indicate  that  the  damage  is  due  to 
a mechanical  Impact  resulting  from  the  pressure  pulse  Imparted  to  the  sample. 

The  values  for  the  observed  fracture  stress  are  somewhat  low  compared  to 
theory.  If  one  calculates  a fracture  stress  from  the  equatlon^^ 

Pj  - (2EY/Tra)^^^  (IV-5) 

where  E is  the  elastic  modulus,  y the  free  surface  energy  per  unit  area  and  a the 

defect  size,  one  calculates  for  reasonable  values  of  the  quantities  In  the 
12 

equation  , a fracture  stress  between  100  and  200  bars.  On  the  other  hand,  the 
measured  peak  shock  pressure  near  the  fracture  threshold  Is  only  a few  bars.  If 
one  infers  that  the  peak  shock  pressure  was  more  nearly  that  of  a metallic  sample 
Irradiated  under  the  same  conditions,  the  peak  shock  pressure  would  have  been 
approximately  20  bars,  with  the  difference  resulting  from  the  expenditure  of  the 
shock  energy  In  producing  fracture.  Thus  the  importance  of  the  mechanical  shock 
in  producing  damage  is  clear,  but  the  exact  mechanism  by  which  the  damage  Is 
produced  Is  not  obvious. 

In  conclusion,  we  have  presented  data  on  the  laser-induced  pressure  pulse  as 
a function  of  the  conditions  of  Irradiation  for  microsecond  and  submicrosecond 
duration  pulses  from  a CO2  TEA  laser.  We  have  obtained  scaling  laws  relevant  for 
the  pressure  as  a function  of  conditions  of  Irradiation  and  we  have  related  the 
observations  of  pressure  to  damage  in  single-crystalline  potassium  chloride. 
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SECTION  V 

DAMAGE  TO  PLASTIC  MATERIALS 

During  the  course  of  the  contract  period,  It  was  agreed  between  the  contract 
monitor  and  the  principal  Investigator  to  devote  some  effort  to  Irradiation  of 
plastic  materials.  Samples  were  prepared  by  the  Air  Force  Materials  Laboratory 
and  delivered  to  Honeywell.  The  surfaces  were  polished  to  an  optical  finish. 

The  samples  were  In  the  form  of  squares  with  one  Inch  sides  and  circular  slugs  of 
diameter  7/8".  The  materials  are  epoxy,  plexlglas  and  silicone.  The  characteristics 
of  the  materials  are  presented  In  Table  V-1.  The  purpose  of  the  exposures  of  the 
plastics  was  to  determine  the  effect  of  laser  Intensity,  focussing  and  pulse 
repetition  rate  on  gross  damage  to  these  materials. 

The  three  materials  were  exposed  to  repetitive  laser  pulses  and  the 
characteristics  of  the  damage  when  noted.  Generally  the  silicone  during  Irradiation 
emitted  a large  jet  of  yellow  flame,  along  with  heavy  smoke.  A region  around  the 
Irradiated  area  was  heavily  blackened.  The  epoxy  showed  very  little  flame  but 
emitted  a dense  jet  of  smoke.  It  also  showed  considerably  blackening  around  the 
Impact  area,  although  not  as  much  as  with  the  silicone.  The  plexlglas  emitted  a 
faint,  pale  blulsh-whlte  flame,  with  relatively  little  smoke.  There  was  very  little 
discoloration  around  the  edges  of  the  Impact  area. 

Because  of  the  covering  of  the  materials  with  smoke  and  soot.  It  was  not 
possible  to  carry  out  as  many  experiments  as  desired.  Because  of  the  blackening  of 
the  materials  around  the  Impact  area,  the  target  areas  had  to  be  fairly  well 
separated.  It  was  possible  to  carry  out  only  one  or  two  experiments  on  a given 
sample  of  silicone  or  epoxy.  Because  the  plexlglas  showed  relatively  little 
blackening.  It  was  possible  to  use  Impact  areas  spaced  more  closely.  We  were  able 
to  carry  out  more  experiments  on  plexlglas  than  the  other  materials. 

The  experiments  that  were  carried  out  were  measurement  of  the  mass  removal  per 
laser  pulse  and  measurement  of  the  depth  of  the  hole  produced.  The  experiments  on 
mass  removal  were  accomplished  by  weighing  the  samples  on  an  analytical  balance 
before  and  after  Irradiation  by  a series  of  one  hundred  shots.  The  depth  of  the 
hole  was  measured  for  a series  of  either  one  or  two  shots,  using  a profllometer 
(Taylor-Hobson  Model  Talysurf  10). 

The  data  on  mass  loss  Is  summarized  In  Table  V-2.  The  table  presents  the 
mass  removal  per  laser  pulse,  under  varying  conditions  of  laser  power  density, 
pulse  repetition  rate  and  focal  area  of  the  laser  beam  on  the  target  surface. 

In  order  to  present  this  data  more  clearly,  some  of  It  Is  plotted  In  Figures  V-1, 

V-2  and  V-3,  which  compare  mass  removal  for  different  conditions.  Figure  V-1 
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TABLE  V-1 
Materials 


Material 

Description 

Batch 

Epoxy 

DER  825  Dow  Chemical 

4/76-332-6-B 

Plexiglas 

MIL-P-8184,  Acrylic  18-3 

— 

Silicone 

2556  AVCO  TR-76-212 

8/3/76-2556 

TABLE  V-2 

Summary  of  Data 

on  Plastics 
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Laser  Power 

Pulse  Rep 

Focal 

Mass  Removal  per 

Density 
(w/cm  ) 

Rate 

(pps) 

Area 

(cm^) 

pulse  (mg) 

Silicone 

1.44x10® 

5.26 

0.0375 

0.116 

4.24x10® 

5.26 

0.0127 

0.020 

1.48x10® 

5.26 

0.0127 

0.010 

4.24x10® 

1 

0.0127 

0.010 

9.91x10^ 

8 

0.0296 

0.060 

9.91x10^ 

1 

0.0296 

0.042 

7.15x10^ 

8 

0.041 

0.090 

3.03x10^ 

8 

0.097 

0.124 

4.19x10^ 

8 

0.070 

0.099 

Epoxy 

1.44x10® 

5.26 

0.0375 

0.250 

4.24x10® 

5.26 

0.0127 

0.069 

1.48x10® 

5.26 

0.0127 

0.019 

4.24x10® 

1 

0.0127 

0.010 

9.91x10^ 

8 

0.0296 

0.118 

9.91x10^ 

1 

0.0296 

0.083 

7.15x10^ 

8 

0.041 

0.160 

3.03x10^ 

8 

0.097 

0.208 

4.19x10^ 

8 

0.070 

0.180 

Plexiglas 

1.44x10® 

5.26 

0.0375 

0.400 

4.24x10® 

5.26 

0.0127 

0.049 

3.1x10® 

5.26 

0.0127 

0.040 

1.48x10® 

5.26 

0.0127 

0.030 

4.24x10® 

low 

0.0127 

0.030 

9.91x10^ 

8 

0.0296 

0.154 

9.91x10^ 

1 

0.0296 

0.106 

7.15x10^ 

8 

0.041 

0.197 

4.19x10^ 

8 

0.070 

0.211 

9.91x10^ 

5.26 

0.0296 

0.150 

TABLE  V-2  (Continued) 


Laser  Power 

Pulse  Rep 

Focal 

Mass  Removal 

Density 

Rate 

Area 

(cm^) 

pulse  (mg) 

(w/cm"^) 

(pps) 

9.91x10^ 

3 

0.0296 

0.129 

2.17x10^ 

8 

0.135 

0.346 

3.03x10^ 

8 

0.097 

0.295 

at  constant 
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shows  mass  removal  per  pulse  as  a function  of  laser  power  density  under  conditions 
of  constant  pulse  repetition  rate  (5.26  pulses/second)  and  under  conditions  of 
constant  focussing  (focal  area  0.0127  square  centimeters).  The  mass  removal 
Increases  with  Increasing  laser  power  density  as  expected. 

The  effect  of  changing  the  focal  area  for  conditions  of  constant  total  laser 
power  and  constant  pulse  repetition  rate  are  shown  In  Figure  V-2.  This  result  was 
not  expected.  The  mass  removal  Increases  with  Increasing  focal  area,  although  the 
laser  power  per  unit  area  is  decreasing  as  the  focal  area  Is  increased.  This  may 
arise  because  the  laser-supported  absorption  wave  will  be  less  Intense  as  the  area 
is  Increased,  under  conditions  of  constant  total  power.  Then  the  beam  will  be 
transmitted  through  the  blowoff  material  and  reach  the  surface  more  efficiently. 

The  effect  of  pulse  repetition  rate  is  shown  in  Figure  V-3  for  plexiglas, 

7 2 

under  two  conditions  of  irradiation,  namely  9.91  x 10  w/cm  incident  on  an  area 
of  0.0296cm^  and  4.24  x lO^w/cm^  incident  on  an  area  of  0.0127cm^.  There  is  a 
increase  in  mass  removal  per  pulse  as  the  pulse  repetition  rate  increases  from  one 
pulse  per  second  up  to  about  six  pulses  per  second.  There  is  apparently  a 
saturation  of  this  phenomenon  after  at  higher  pulse  repetition  rates.  Although  data 
are  not  plotted  for  silicone  and  epoxy,  they  too  show  an  increase  in  the  mass 
removal  as  the  pulse  repetition  rate  is  increased  from  one  pulse  per  second  to  the 
range  of  5 or  8 pulses  per  second,  with  the  other  conditions  of  irradiation  being 
unchanged.  This  increase  is  about  50%,  similar  to  that  seen  with  plexiglas. 

This  phenomenon  is  unexpected  and  we  have  no  good  explanation  for  it  at  present. 

The  ordering  of  the  mass  removal  is  of  considerable  interest.  Under  most 
conditions  of  irradiation,  there  is  less  silicone  removed  than  epoxy  or  plexiglas. 
However,  the  epoxy  and  plexiglas  have  similar  amounts  of  material  removed,  but 
the  ordering  depends  on  the  exact  conditions  of  irradiation. 

The  depth  of  the  hole  produced  by  a single  pulse  was  measured  with  a pro- 

fllcometer.  A typical  example  of  the  hole  produced  in  a plexiglas  sample  by  a 
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single  pulse  of  laser  power  density  9.91  x 10  w/cm  incident  on  an  area  of  0.0296cm 
is  shown  in  Figure  V-4.  There  is  a considerable  amount  of  small  scale  structure 
on  the  bottom  of  the  hole.  However,  the  excursion  is  confined  within  a total  range 
of  approximately  4 micrometers.  The  edges  of  the  hole  are  steep  and  well  defined. 
There  is  some  indication  of  a raised  lip  around  the  edges  of  the  hole. 

Data  on  the  depth  of  the  hole  as  a function  of  laser  power  density  are  shown 
in  Figure  V-5.  Tills  shows  results  for  material  removal  at  an  constant  focus  for 
a single  shot,  with  the  laser  power  being  varied. 

Data  for  volume  of  material  removed  by  a single  shot  at  constant  power  are 
shown  in  Figure  V-6,  for  variable  focal  area.  These  results  are  in  reasonably  good 
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Figure  V-6*  Volume  of  material  removed  as  a function  of  focal  area. 
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3 

agreement  with  the  mass  removal  results  for  a material  density  of  Igm/cm  . 

When  two  pulses  in  a row  were  delivered,  the  holes  became  deeper.  The 
roughness  of  the  bottom  also  increased,  so  that  the  measurements  were  somewhat  less 
accurate.  For  plexiglas  the  depth  of  the  holes  approached  50  micrometers,  which 
was  the  maximum  depth  measurable  by  the  proflleoraeter . Data  on  the  hole  depth 
produced  by  two  successive  shots  are  shown  in  Table  V-3,  and  compared  to  hole 
depths  produced  by  a single  shot.  For  plexiglas,  two  individual  shots  spaced  one 
second  apart  produced  a hole  approximately  twice  as  deep  as  a single  shot.  Two 
shots  spaced  at  a spacing  of  125  milliseconds  produced  a slightly  deeper  hole, 
although  it  was  not  possible  to  determine  the  depth  exactly  because  the  maximum 
measuring  capability  is  50  micrometers.  For  silicone,  the  depth  produced  by  two 
shots  was  slightly  less  than  twice  that  produced  by  a single  shot.  There  is  also  an 
indication  that  as  the  Interpulse  time  decreases,  the  depth  of  the  hole  produced  by 
two  shots  increases. 

The  physical  phenomena  Involved  in  these  results  require  further  investigation. 
The  variation  of  pulse  repetition  rate  and  focusing  produce  complicated  changes  in 
the  damage,  which  are  not  readily  explainable. 
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TABLE  V-3 
Hole  Depth 


Material 


Plexiglas 


7 2 

(9.91  X 10  w/ctn  pulses) 


Two  Shots 

Two  Shots 

Single  Shot 

1 Second  Apart 

12 Sms  Apart 

25wm 

SOpm 

.tsOvim 

23ijm 

37vim 

43um 

Sll leone 
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SECTION  VI 

SUMMARY  AND  CONCLUSIONS 

It  is  appropriate  to  sunmiarlze  the  significant  results  obtained  during  this 

program  of  measurements  on  the  properties  of  metallic  surfaces  irradiated  by  high 

power  pulsed  CO^  laser  radiation.  We  have  performed  a number  of  different  types 

of  quantitative  measurements  on  the  changes  produced  by  interaction  of  C0~  laser 

8 2 ^ 

pulses  with  power  density  in  the  range  above  10  w/cm  and  with  pulse  duration  in 
the  microsecond  and  submicrosecond  regime.  This  was  a region  of  interaction 
parameters  which  had  not  been  thoroughly  explored  previous  to  the  beginning  of  this 
work  and  for  which  understanding  of  the  physical  processes  was  incomplete.  As  a 
result  of  the  work  performed  under  this  contract,  and  also  of  work  performed  at 
other  laboratories,  there  now  exists  a much  expanded  body  of  quantitative  data  on 
the  interaction  in  this  regime  of  laser  parameters. 

Specifically  we  have  obtained  measurements  of  the  following  items: 

• Measurements  of  the  impulse  transmitted  to  metallic  targets  by  the  TEA 
laser  pulse.  The  impulse  Increases  with  increasing  ambient  air  pressure 
as  one  goes  from  approximately  1 torr  to  760  torr. 

Impulse  Increases  from  0.4  dyne-second  to  the  range  of  5 to  10  dyne 
seconds.  Quantitative  data  on  the  effect  of  changing  target  materials, 
laser  pulse  shape,  and  total  laser  energy  are  available. 

’ Measurements  on  the  pressure  pulse  coupled  into  the  target  material.  For 

typical  conditions  of  laser  irradiation  in  this  regime,  the  peak  pressure 

coupled  into  metallic  targets  is  of  the  order  of  100  bars,  a pressure 

which  decreases  to  zero  within  a few  microseconds.  The  pressure  pulse 

propagates  through  the  target  and  is  measured  by  the  motion  of  the  polished 

rear  surface  of  the  target.  Quantitative  data  for  the  pressure  as  a 

function  of  ambient  air  pressure,  laser  power  density  and  other  relevant 

parameters  have  been  obtained.  The  peak  pressures  are  well  below  the 

values  of  the  dynamic  fracture  strength  of  metals  for  laser  power  densities 

8 2 

of  the  order  of  10  w/cm  . However  they  do  exceed  the  fracture  strength  of 
potassium  chloride,  an  Important  window  material.  The  observation  of  a 
pressure  pulse  is  coupled  to  catastrophic  cracking  and  pitting  of  the 
potassium  chloride  material. 

• Measurement  of  the  ionic  species,  their  energies  and  states  of  ionization 
in  the  blowoff  material.  The  ionic  energies  in  the  blowoff  material  are 
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observed  to  be  several  hundred  electron  volts  for  laser  power  densities  of 
8 2 

the  order  of  2 x 10  w/cm  . The  Ion  energy  increases  rapidly  with  increasing 
laser  power  density.  The  states  of  ionization  in  the  blowoff  material 
also  Increase  in  an  orderly  manner  as  the  laser  power  density  Increases, 
with  states  of  relatively  low  ionization  (e.g.  single  ionization)  being 
replaced  by  states  of  higher  ionization  (3  or  4 times  ionized)  as  the  laser 
power  density  increases.  Also  the  Impulse  transferred  to  the  target  surface 
by  the  expanding  blowoff  material  in  its  observed  state  of  energy  is 
approximately  0.35  dyne  seconds,  a value  in  excellent  agreement  with  the 
Impulse  measured  from  the  motion  of  the  target  at  low  ambient  air  pressure. 

The  time  development  of  the  ionic  energy  spectrum  has  been  observed. 

At  times  early  in  the  laser  pulse,  the  ion  emission  occurs  at  relatively 
low  values  of  energy.  As  time  progresses,  the  peak  and  most  probable  values 
of  the  ionic  energy  spectrum  move  to  higher  energies.  This  directly 
indicates  the  effect  of  absorption  of  laser  energy  in  the  blowoff  material. 

In  addition,  direct  measurements  of  the  fraction  of  the  incident  energy 
carried  away  by  the  blowoff  material  have  been  obtained.  They  are  in  the 
range  of  a few  percent  under  the  relevant  conditions  of  irradiation. 

• Measurement  of  specular  reflectivity  and  diffuse  reflectivity  during  and 
after  irradiation.  Time  resolved  data  were  obtained  for  the  change  in 
specular  reflectivity  during  the  interaction.  Quantitative  results  are 
available  for  the  change  in  specular  reflectivity  under  varying  conditions 
of  irradiation,  including  ambient  air  pressure,  laser  power  density,  pulse 
shape  and  accumulated  number  of  pulses  on  the  same  area.  Measurements  as 
a function  of  ambient  air  pressure  show  that  the  change  due  to  a single 
laser  shot  is  smaller  at  higher  values  of  the  ambient  air  pressure, 
indicating  the  effect  of  the  laser-supported  absorption  wave  in  shielding 
the  target  surface.  Results  at  two  different  probing  laser  wavelengths 
have  been  useful  in  distinguishing  the  mechanisms  by  which  the  surface 
reflectivity  la  changed. 

Measurements  of  diffuse  reflectivity  show  the  transition  from  a specularly 
reflecting  surface  to  a diffusely  reflecting  surface,  with  an  accompanying 
increase  in  absorptivity  near  lOpm.  Some  results  for  a time-dependent  absorptivity 
have  been  presented. 

Let  us  consider  briefly  the  physical  picture  to  be  derived  from  the  experimental 
measurements.  The  measurements  on  the  change  of  reflectivity  imply  that  the  surface 
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becotnes  damaged,  through  melting  and  vaporization  of  material  near  the  top  of  the 
surface.  This  leads  to  production  of  a diffusely  reflecting  surface,  with 
irregularities  having  a scale  size  of  a few  micrometers.  This  means  that  under 
some  conditions  the  surface  will  still  appear  relatively  smooth  to  lOym  radiation, 
but  will  be  a very  rough  surface  for  radiation  in  the  visible  portion  of  the 
spectrum.  Thus  the  effect  of  irradiation  with  a given  set  of  parameters  will  be 
much  enhanced  when  the  surface  is  probed  by  a visible  laser  beam  as  compared  to 
results  when  a CO2  laser  beam  is  used  as  a probe. 

When  the  surface  is  damaged  only  moderately,  as  for  example  after  a single 
pulse  in  high  ambient  air  pressure,  the  specular  reflectivity  is  degraded  slightly, 
with  the  scattered  radiation  being  contained  within  a small  cone  of  solid  angles 
surrounding  the  specular  angle.  As  damage  progresses,  for  example  when  a number 
of  TEA  laser  shots  impact  the  same  area  in  succession,  the  diffuse  scattering 
gradually  spreads  into  a progressively  larger  cone  of  solid  angles.  On  a heavily 
damaged  surface,  struck  by  many  TEA  laser  pulses,  the  specular  reflectivity  drops 
to  a very  low  value.  The  surface  has  become  very  diffuse. 

The  physical  mechanisms  appear  to  involve  a flow  of  molten  material  on  the 
surface.  The  form  of  the  surface  after  the  end  of  the  pulse  clearly  shows  the 
effects  of  splashing  of  molten  material.  The  physical  motion  of  the  material 
presumably  is  due  to  pressure  exerted  by  the  expanding  blowoff  material. 

This  observation  is  also  borne  out  by  the  fact  that  the  change  in  reflectivity 
continues  for  a time  longer  than  the  duration  of  the  TEA  laser  pulse.  This  would 
be  expected  if  physical  rearrangement  of  the  surface  material  contributes  to  the 
change.  In  addition  there  is  evidence  that  the  vaporization  from  the  surface 
continues  after  the  end  of  the  TEIA  laser  pulse.  This  too  would  contribute  to  the 
relatively  long  time  duration  which  is  required  for  the  reflectivity  to  approach 
its  final  value. 

In  modeling  the  physical  effects,  we  see  that  the  magnitude  of  the  effect 
increases  with  increasing  laser  power  density,  increasing  laser  puise  duration, 
decreasing  ambient  air  pressure  and  decreasing  initial  reflectivity  of  the  target 
surface  at  10.6ym.  The  results  show  very  clearly  the  effect  of  the  laser- 
supported  detonation  wave  in  shielding  the  target  surface  at  high  values  of  ambient 
air  pressure. 

The  tlme-of-f light  spectrometer  experiments  are  notable  for  their  contribution 
to  an  understanding  of  coupling  of  the  laser  energy  into  the  blowoff  material, 
which  has  been  a significant  physical  issue  for  understanding  of  laser-surface 
interactions.  First,  the  temporal  development  of  the  ionic  energy  spectra  shows 
clearly  that  absorption  is  continuing  throughout  the  time  of  the  laser  pulse.  This 
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Is  Indicated  by  the  continuing  increase  in  the  average  ion  energy  throughout 
the  duration  of  the  laser  pulse.  When  nitrogen  is  on  in  the  TEA  laser,  absorption 
of  energy  from  the  lower  power  microsecond-duration  tail  of  the  pulse  continues  to 
Increase  the  average  ion  energy.  In  the  case  where  nitrogen  is  off  in  the  laser, 
the  maximum  ion  energy  has  been  reached  at  the  end  of  the  short  laser  pulse,  and 
it  does  not  undergo  a further  Increase  after  the  end  of  the  pulse. 

However,  material  does  continue  to  be  emitted  even  after  the  end  of  the  short 
laser  pulse.  This  is  a significant  result.  It  has  implications  for  the  coupling 
of  laser  energy  into  the  target  surface,  which  is  an  important  issue  in  under- 
standing of  enhanced  thermal  coupling.  It  tends  to  support  models  in  which  the 
blowoff  plasma  in  front  of  the  surface  acts  as  a reservoir  of  energy  which  can  at 
least  partially  flow  back  into  the  surface.  This  can  lead  to  continued  heating  of 
the  surface,  accompanied  by  continued  plasma  production,  even  after  the  laser 
pulse  has  ended. 

The  results  have  also  been  used  to  derive  the  total  amount  of  energy  coupled 
into  the  plasma,  in  conditions  of  low  ambient  air  pressure.  Most  of  the  energy 
is  deposited  as  thermal  energy,  which  ultimately  appears  as  a directed  energy  of 
expansion  of  the  blowoff  material.  It  is  notable  that  even  though  the  plasma 
density  is  relatively  low,  there  can  be  measurable  absorption,  amounting  to  several 
percent  of  the  incident  laser  energy,  within  the  tenuous  blowoff  material  produced 
in  the  time-of-f light  spectrometer. 

There  is  a significant  interrelation  between  the  different  experimental  tasks. 
For  example,  the  time-of-f light  spectrometer  work  indicating  continued  emission  of 
surface  material  after  the  end  of  the  short  laser  pulse  Influences  interpretation 
of  results  of  reflectivity  measurements,  and  leads  to  an  explanation  for  the  time 
scale  over  which  the  change  continues.  Knowledge  of  the  Increased  absorptivity 
near  the  end  of  the  pulse  also  helps  understand  the  continued  ionic  emission. 

The  time-of-f light  spectrometer  work  also  leads  to  an  estimate  for  the  total 
amount  of  material  removed  and  its  velocity  spectrum.  This  leads  to  an  estimate 
for  momentum  transfer  (Impulse)  delivered  to  the  target  at  low  ambient  pressures. 
The  value  of  the  momentum  transfer  deduced  from  these  results  is  in  excellent 
agreement  with  measurements  of  the  Impulse  at  low  ambient  air  pressure.  Under 
these  conditions  the  dominant  contribution  is  not  the  laser-supported  absorption 
wave,  but  recoil  of  the  target  from  the  plasma  produced  in  the  interaction. 

The  coupling  into  the  laser-produced  blowoff  material  has  also  been  used 
in  developing  a model  for  the  transmission  of  pressure  pulses  to  the  target. 

The  results  described  in  this  report  on  the  Increase  of  absorptivity  during 
the  laser  pulse  are  important  for  understanding  the  coupling  of  laser  energy  into 
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metalllc  targets,  which  initially  have  low  absorptivity  near  lOym.  The  increase 
in  absorptivity  means  that  a significantly  greater  fraction  of  the  incident 
laser  energy  can  be  coupled  into  the  metallic  target.  This  in  turn  enhances  the 
value  of  CO^  lasers  for  applications  involving  metallic  targets. 
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